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Quantum fluids refer to a class of systems that remain in fluid state down to absolute zero temperature. In 
this letter, using a combination of magnetotransport and scanning tunneling spectroscopy down to 300 mK, 
we show that vortices in a very weakly pinned a-MoGe thin film can form a quantum vortex fluid. Under 
the application of a magnetic field perpendicular to the plane of the film, the vortex state transforms from 
a vortex solid to a hexatic vortex fluid and eventually to an isotropic vortex liquid. The fact that the two 
latter states remain fluid down to absolute zero temperature is evidenced from the electrical resistance which 
saturates to a finite value at low temperatures. Furthermore, scanning tunneling spectroscopy measurements 
reveal a soft gap at the center of each vortex, which arises from large zero point fluctuation of vortices.   
  
                                                     
a
 pratap@tifr.res.in  
  
2 
 
 In a Type II superconductor magnetic field penetrates inside the sample above the lower critical 
field (Hc1) in the form of quantized flux tubes called vortices, forming a periodic hexagonal lattice under 
their mutual interactions known as the Abrikosov vortex lattice1,2 (VL). However, this periodic order is 
subject to several destabilizing factors. For example, the random pinning potential caused by crystalline 
defects in the superconductor can compete with the elastic energy of the VL and produce a disordered 
vortex glass3,4,5,6,7. Thermal fluctuations is another factor that can melt the VL into a vortex liquid8,9. While 
thermal fluctuations alone is often not enough to produce a vortex liquid in a bulk conventional 
superconductor10,11, its effect can be greatly amplified in quasi 2-dimensional systems such as thin films or 
superconductors with strong anisotropy. Experimentally, signatures of vortex liquid have been obtained 
from magnetic and transport measurements in a number of quasi 2D systems such as weakly pinned 
superconducting thin films12,13, layered High-Tc cuprates14,15,16 and organic superconductors17. 
 In principle, quantum fluctuations can also destabilize a periodic solid. Well-known examples are 
3He and 4He at ambient pressure, which remain liquid down to absolute zero temperature due to zero point 
fluctuations of the atoms. Quantum melting of the VL, has also been theoretically explored18,19,20,21. It has 
been suggested that when the magnetic field is increased, the zero point fluctuation amplitude of the vortices 
can exceed the Lindemann criterion22 at which the VL melts into a vortex liquid. A dissipative state below 
the upper critical field, Hc2, that extends down to very low temperatures observed in several low dimensional 
superconductors has sometimes been attributed to the quantum melting of the vortices23,24,25,26,27,28,29. 
However, alternative explanations30,31,32 have also been proposed. 
 Recently, using a combination of magnetotransport and scanning tunneling spectroscopy (STS) 
imaging33 in a very weakly pinned thin film of the amorphous conventional superconductor MoGe (a-
MoGe), we showed that vortex fluid states span a large region of the H-T parameter space. It was seen that 
the melting proceeds in two steps as the magnetic field is increased: First, the vortex solid (Bragg glass) 
melts into a hexatic vortex fluid (HVF), which retains the quasi-long-range orientational order  at fields as 
low as 0.02Hc2, followed by a transformation into an isotropic vortex liquid (IVL) above 0.8Hc2. In this 
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letter, we extend these measurements to much lower temperatures and show that the hexatic vortex fluid 
and the isotropic vortex liquid exist down to very low temperatures. Furthermore, detailed STS 
measurements on the vortex cores reveal the existence of large quantum zero point fluctuations of vortices 
that could be responsible for creating quantum fluid of vortices down to T = 0. 
The samples used in this study consist of 20 nm thick a-MoGe films, similar to the one used in ref. 
33. As shown before the films have extremely weak pinning as evidenced from a very low depinning 
frequency and the absence of any difference between the field cooled and zero field cooled states33. The 
electrical transport measurements were done using conventional 4-probe method in conventional 3He 
cryostat on a film capped with a protective Si layer to prevent oxidation. STS measurements were performed 
using a home-made scanning tunneling microscope34 operating down to 350 mK. For STS measurements, 
post deposition, the film was transferred in the scanning tunneling microscope using an ultrahigh vacuum 
suitcase without exposure to air. Further details of samples and measurement are given in the supplementary 
document35. 
First, we present evidence that vortex fluid states exist down to very low temperatures. To identify 
the different vortex states we apply the same diagnostics as in ref. 33, but extending the measurements 
down to 300 mK. In a vortex solid36 a few pinning centers can pin the entire VL thereby giving 
exponentially vanishing resistance below the flux flow critical current, Ic. In contrast, in a vortex fluid state 
the vortices are diffusive; consequently a finite linear resistance37 appears even in the limit I0. In Fig. 
1(a) we show the linear resistivity, ρlin at 450 mK measured from the linear slope of the I-V characteristics 
below 50 µA ( << Ic ) measured as a function of magnetic field. At this temperature, Ic > 300 µA till about 
95 kOe. The transition from the vortex solid to HVF occurs at the first characteristic field,   ~ 5 kOe, 
where ρlin becomes finite. At a higher field   ~ 70 kOe, ρlin starts rapidly increasing after going through 
a broad minimum and eventually reaches the normal state value ρn above Hc2. This marks the transition 
from a HVF to IVL. The identification of these states is further confirmed from STS imaging35 of the vortex 
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state at 450 mK. The broad minima in ρlin  reflects a corresponding maxima in Ic which arises at the boundary 
between HVF and IVL due to the shrinking of the topological defect free regions33. Tracking   and   
from ρlin-H at different temperatures (upper insets Fig. 1(a)) we construct the H-T phase diagram of the 
vortex state (lower inset Fig. 1(a)). Both the   and   remain much smaller than Hc2 down to 300 mK ( 
~ 0.04Tc ), in sharp contrast with the expectation for a thermally driven transition, where the melting line 
should approach38 Hc2 in the limit T  0. To further confirm whether the HVF and IVL extend down to T 
= 0 we measure ρlin as a function of temperature at various fields. Normally, for a current drive I << Ic, 
dissipation occurs in the mixed state due to thermally activated flux flow (TAFF) over the average pinning 
barrier, U, giving a temperature variation of the resistivity,  = exp [−/kT], where ρff is the Bardeen-
Stephen flux flow resistivity and k is the Boltzmann constant. In a vortex solid (Bragg Glass)36,  ∝
  (where γ is a constant of the order of unity) and therefore ρ  exponentially drops to an immeasurably 
small value for currents smaller than Ic. In contrast, in a vortex fluid U is independent of current giving a 
finite linear resistivity, which is expected to exponentially drop to zero with decrease in temperature. In 
Fig. 1(b), we plot ρ -T measured with a drive current of 50 µA. Fig. 1(c) shows the same data plotted in 
semi-log scale as a function of 1/T. For H ≥ 10 kOe, at low temperatures ρ deviates from the expected 
activated behavior and saturates towards a constant value. The asymptotic finite value of ρ as T  0 
suggests that the vortices remain mobile down to absolute zero, as would happen if the vortices form a 
quantum fluid. In this context, it was recently pointed out that large current drives or external 
electromagnetic radiation could also give rise to resistance saturation due to electron overheating or vortex 
depinning39. Resistance saturation caused by large current drives should also be associated with strong non-
linearity in the I-V characteristics that we do not observe here35. To take care of external electromagnetic 
radiation, 1 MHz low-pass filters are connected at input and output stages of the cryostat35. Further filtering 
do not cause any further change in the ρ -T characteristics.   
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We now turn our attention to the spectroscopy of the vortex cores. In STS measurements the 
tunneling conductance,  =  between the tip and the sample gives the local tunneling density of 
states (LTDOS) at energy eV (e is the electron charge) with respect to Fermi energy. In a conventional 
superconductor the vortex consists of circulating supercurrents with a normal metal core with radius of the 
order of the coherence length, ξ, at the center. Consequently, while far from the vortex core the LTDOS 
exhibits a superconducting gap and coherence peak partially broadened due to the orbital current, inside the 
core the LTDOS is either flat or exhibits a small peak at zero bias due to the formation of Caroli–De 
Gennes–Matricon40 bound states in very clean samples. Here, we capture the full G(V) vs. V spectroscopic 
map at 450 mK over a small area containing 6-8 vortices (Fig. 2(a)-(b)). Fig. 2(c) and 2(d) show the 
normalized conductance spectra, GN(V) vs. V, (where,  =   !≫∆/% and ∆ ∼ 1.3 meV is the 
superconducting energy gap) along the line passing through the center of a vortex core at two representative 
fields. Though the superconducting gap starts to fill while approaching the vortex center, a soft gap in the 
LTDOS continues to exist even at the center of the vortex (i.e. GN(0) < 1). In Fig 2(e) and 2(f) we show the 
variation of GN(0) along three lines passing through the vortex center.  In Fig. 2(g) we plot GN(0) at the 
center of the vortex and at the midpoint between two vortices as a function of H. Here, each point is obtained 
by taking the average value of GN(0) at 6 vortex centers. We observe that GN(0) shows an overall increasing 
trend with magnetic field except for two anomalies around 5 kOe and 70 kOe.  
A soft gap in the vortex core has earlier been observed in unconventional high-Tc cuprate 
superconductors41,42 and in strongly disordered43,44 NbN thin films. It has been attributed alternatively to 
the presence of phase incoherent Cooper pairs41,44 in the normal state, or to a competing order42 (in cuprates). 
In a-MoGe, which is a conventional superconductor closely following Bardeen-Cooper-Schrieffer (BCS) 
theory, these explanations seem unlikely. Furthermore, STS maps do not reveal any significant 
inhomogeneity as in NbN, which could render the system susceptible to phase fluctuations. On the other 
hand, the soft gap can be understood if we assume that vortex core spatially fluctuates rapidly about its 
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mean position. Since STS is a slow measurement, such rapid fluctuation (superposed on the slow diffusive 
motion in the HVF and IVL states) will get integrated out, showing only the average tunneling conductance 
at a particular location. The qualitative effect of this fluctuation is that the tunneling conductance close to 
the center of the vortex would have contribution both from the vortex core as well as regions outside it.  
We now make this argument more quantitative. The exact calculation of the LTDOS in the presence 
of vortices is in-principle possible by solving the Usadel equations45, but this computation is very difficult46. 
Here, instead we adopt a phenomenological approach. First we simulate the regular VL in a superconductor 
where the vortices are static. We assume that at the vortex core of an isolated vortex  = 1, whereas 
far from the core,  = '()*+,,  given by superconducting density of states obtained from BCS 
theory47. '()*+,,  is obtained by fitting the experimental zero field tunneling conductance spectra at 
the same temperature, with ∆, and a broadening parameter48, Γ, used as fitting parameters. To interpolate 
between the two we use an empirical Gaussian weight factor, ./ = exp [− 0121], such that , / =
./ + [1 − ./]'()*+,, . For a VL, the resultant normalized conductance, 5, /, is assumed to 
be a linear superposition of the conductance from all vortices, i.e. 5, / = ∑ , / − /78 /
[∑  = 0, / − /78 ]!:;, where ri is the position of the i-th vortex and sum runs over all vortices; the 
normalizing factor ensures that the 5 = 0 = 1 at the center of each vortex. By taking, < ≈ 1.17@, we 
cross-checked that this procedure reproduces well the experimental tunneling conductance in the VL in a 
NbSe2 single crystal35.  
To simulate the situation when the vortices are randomly fluctuating about their mean positions, 
we calculate 5, / for 200 realizations of a distorted hexagonal lattice (lattice constant a), where each 
lattice point is displaced by a random vector, δri, satisfying the constraint, |B/7| ≤ D < F, and compute the 
average 〈5, /〉I. α is the amplitude of fluctuations. Fig. 3(a) and 3(b) show representative conductance 
maps simulated for a VL at 10 kOe for V = 0 without and with incorporating the fluctuation of the vortices. 
Fig. 3(c) and 3(d) show the corresponding conductance maps for V =1.45 mV, close to the coherence peaks. 
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To fit the experimental data we take α and Γ as fitting parameters and constrain ξ between 3.9-4.5 nm, 
which is within 10% of the value obtained from Hc2 (ξ ∼ 4.3 nm). Fig. 3(e)-(g) show the line-cuts of GN(0,r) 
along with 〈5, J〉I at 3 different fields. Above 10 kOe, we use a larger Γ (compared to its zero field 
value) to account for the additional broadening from the orbital current around vortices. For V =1.45 mV, 
the same set of parameters reproduces the qualitative variation of GN(V =1.45 mV, r), but the conductance 
value is overestimated by 15-20%; this is most likely because the phenomenological Γ parameter does not 
account for the suppression of the coherence peak due to orbital currents accurately.  
To understand the physical origin of this fluctuation we note that vortices, separated by distance R, 
exert a repulsive force49 KL = MN1OPNQ1 R on each other; here Φ0 is the flux quantum, λ is the London 
penetration depth and µ0 is the vacuum permeability and d is the film thickness. Thus each vortex is 
confined in a potential well formed by the repulsion from surrounding vortices. Since the vortex motion is 
overdamped we assume that each vortex oscillates individually in this potential well. When the oscillation 
amplitude, D ≪ F, the potential can be approximated to a harmonic oscillator with effective spring 
constant35, T = MN1UOPNQ1  :1 ≡ WNU:1. This picture remains valid even in the vortex fluid states as long as 
the diffusive motion of vortices remains much slower compared to the fluctuation frequency. The total 
energy of each vortex in this potential well is given by XLYD, where XL is the vortex mass and Y =
T/XL. The amplitude of zero point motion is obtained by equating this to the zero point energy (ℏY) of 
the quantum harmonic oscillator, giving, I: ~ ℏ\/1WN!]\/^ :/. Since, F ∝ _/, this implies I: ∝ / . In 
contrast, if the oscillation is thermal in origin, XLYD ~ `,. This gives, I: ~  abWN!]/, which is 
independent of magnetic field.  
To test this, in Fig. 3(h) we plot the magnetic field variation of D/F at 450 mK. Here α is obtained 
by fitting GN(0, r) profile and further averaging over 6 vortices at each magnetic field. α shows an overall 
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increase with H and two anomalies close to 5 kOe and 70 kOe which we discuss later. The increasing trend 
is well captured by D/F ∝ / , which clearly rules out thermal fluctuations. From the coefficient of the 
fit and using the experimental value of λ ≈ 534 fX we obtain XL  ~ 35X% , where me is the electron mass. 
Though different estimates of mv considerably vary50,51,52,53,54,55 we can compare this value with the most 
widely used estimate49 , XL = Og X∗`ij, where m* is the effective mass and kF is the Fermi wave vector. 
Assuming X∗ = X%, and using the free electron expression, `i = 3kf/l, where n = 5.2*1029 el/m3 is 
the carrier density determined from Hall effect35, we obtain mv ≈ 32me which is consistent with the value 
obtained from our experiments. Coming to the cusp-like anomalies observed at 5 kOe and 70 kOe we note 
that these anomalies appear very close to the vortex solid to HVF, and HVF to IVL boundaries respectively. 
These anomalies most likely arise from the anharmonicity of the confining potential close to the phase 
boundaries, though a detailed understanding will require further investigations. It is interesting to note that 
the first anomaly appears when I: ~0.14, which is consistent with the Lindemann criterion for melting. 
In summary, the existence of quantum vortex liquid and quantum zero point motion in a very 
weakly pinned superconducting thin film of a-MoGe presents a physical scenario under which we could 
realize a state with saturating resistance extending down to  , = 0 in a superconductor below Hc2, similar 
to that in Bose metals and failed superconductors reported in a number of superconducting thin films in the 
presence of magnetic field. Furthermore, if the vortices indeed remain a fluid down to T = 0, one cannot 
preclude the possibility that they will condense in a superfluid state at a lower temperatures, producing a 
“super-insulating” state56. This possibility should be explored by extending these measurements to lower 
temperatures.  
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Figure Captions 
Figure 1| (a) Variation of ρlin as a function of magnetic field at 450 mK.   marks the transition from 
vortex solid to HVF and   from HVF to IVL. Upper insets show ρlin vs H at different temperatures close 
to the phase boundaries between vortex solid-HVF (left) and HVF-IVL (right). Every successive curve is 
shifted by a vertical offset 0.015, except the curve at 0.3 K. The lower inset shows the phase diagram in the 
H-T parameter space;   is multiplied by a factor of 2 on magnetic field axis for clarity. (b) Plot of ρ vs T 
in different magnetic fields expanded in the low temperature regime. (c) ρ vs. 1/T in semi-log scale.  
Figure 2| (a)- (b) VL image obtained from  maps at  = 1.45 X, at 450 mK for 5 kOe and 65 kOe 
respectively. The three dotted lines are passing through one vortex core. (c)- (d) Spectra along the red dotted 
lines of (a) and (b) respectively. The black (pink) dotted line denotes spectra at (away from) the vortex 
center which are shown in insets of (e) and (f). (e)- (f) Variation of 0 along three lines in (a) and (b) 
respectively. The grey transparent line denotes average 0 variation of these three lines. (g) Magnetic 
field variation of 0 values at the centers of (away from) vortex cores are shown by the connected red 
(green) squares. Two anomalous peaks in 0 variation at the vortex centers are observed close to 5 kOe 
and 70 kOe. 
Figure 3| (a)- (b) Simulated zero bias conductance maps, 〈50, J〉 for VL at 10 kOe without and with 
incorporating fluctuation of vortices respectively. (c)- (d) Corresponding conductance maps (〈5, J〉) 
for  = 1.45 X, denoted as 〈5m〉. (e)- (g) The red connected datapoints are averaged line-cuts of 
0, J along vortex cores for 1.75, 7 and 65 kOe respectively. The black lines are line-cuts of simulated 
〈50, J〉I of the corresponding field. (inset) Line-cuts of m or  = 1.45 X along vortex cores 
(red lines) for the same fields along with line-cuts of simulated 〈5 = 1.45 X, J〉I (black lines). (h) 
The black connected dots show the magnetic field variation of D/F at 450 mK, which is obtained by fitting 
the experimental 0, J profiles. The red line is a fit to the D/F values, which goes as / . The 
anomalies in the variation of D/F are marked by two green arrows. 
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Supplementary Material 
I. Sample growth, characterization and experimental details 
Sample growth. The a-MoGe thin films used in this study were grown on surface oxidized Si substrate 
through pulsed laser deposition. The thickness of the films, d ~ 20 nm. The amorphous film was synthesized 
by ablating a Mo70Ge30 bulk target prepared by arc-melting Mo and Ge in stoichiometric proportions in Ar 
ambient. For laser ablation, we used a 248 nm excimer laser keeping the substrate at room temperature. The 
laser was focused in a tight spot with repetition rate of 10 Hz on the target, giving an effective energy 
density ~ 240 mJ/mm2 per pulse. The deposition is carried out in vacuum of 1×10-8 Torr. The growth rate 
was ~ 1 nm/100 pulse. The uniform amorphous nature of the sample was confirmed through high resolution 
transmission electron micrographs.  
Electrical measurements. Electrical measurements (resistivity and Hall coefficient) were performed using 
conventional 4-probe method using a d.c. current source and a nanovoltmeter in a 3He cryostat. The samples 
were deposited in the shape of a 6-terminal Hall bar as schematically shown in Fig. s1. One important aspect 
of the measurement setup was careful shielding from external electromagnetic radiation. For this low-pass 
RC filters with cutoff frequency of 1 MHz were connected on the electrical feedthrough to the sample. 
Without the filters, the resistance showed anomalously large saturation values at low temperatures as shown 
in Fig. s2. Incorporating additional filters did not cause any noticeable change in the data. 
 
Figure s1| Schematic configuration of the Hall bar used for (a) 
resistivity and (b) Hall measurements. The width of the channel 
between the voltage probes is 300 µm.   
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STS measurements. STS measurements were performed in a home-built scanning tunneling microscope 
(STM) operating down to 350 mK and fitted with 90 kOe superconducting solenoid. Measurements were 
performed using a normal metal Pt-Ir tip. The differential tunneling conductance, G(V) was measured by 
superposing a small a.c. voltage, Vac (150 µV, 2.11 kHz) on the d.c. bias voltage Vdc and measuring the a.c. 
current Iac using a lock-in amplifier, so that,  = n = j/j|o ≈ :n/:n. To image the VL, 
G(V) maps were recorded with the bias voltage close to the superconducting coherence peak, such that each 
vortex appears as a local minima in the conductance. The full G(V)-V spectra were recorded by switching 
off the feedback at a given location, and recording G(V) while the bias voltage is swept from positive to 
negative bias. The time to acquire a complete spectrum is ~ 2 seconds. While acquiring full spectroscopic 
area maps each spectra was averaged over three sweeps at every point. 
Characterization of Superconducting properties. The temperature variation of the penetration depth, 
λ, and superconducting energy gap, ∆, has been reported in the supplementary of ref. 1. The additional two 
parameters that were determined for the purpose of this work were the carrier concentration, n, and 
superconducting coherence length, ξ.  
The carrier concentration was determined from the Hall coefficient measured at 25 K. The Hall voltage 
was determined from reversed field sweeps from 85 kOe to -85 kOe after subtracting the resistive 
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Figure s2| (a) Resistance vs Temperature (R-T) in zero 
field: With filter data shows a sharp superconducting 
transition at 7 K; without filter data shows a broadened 
transition at 6.7 K. (b) R-T data taken with filter for 
different magnetic fields: showing decrease in transition 
temperature with increasing field, but in all cases resistance 
drops to a very small value. (c) R-T data taken without filter 
for different magnetic fields showing a large saturating 
resistance at low temperatures. Magnitude of the saturating 
resistance increases with increasing magnetic field. (d) 
Comparison of with filter and without filter R-T data for 20 
kOe: the dashed line shows saturating value of resistance in 
low temperature for the without filter data; Corresponding 
temperature required to obtain that resistance for with filter 
data is about 5.5 K. 
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contribution. Fig. s3 shows the transverse resistivity, ρxy, as a function of magnetic field, H; the Hall 
coefficient, pq = rstq = u%, (where e is the electron charge) is obtained from the slope of this curve. We 
obtain f = 5.2 ∗ 10w el/m3. 
The coherence length was determined from the temperature variation of the upper critical field close to Tc 
using the dirty limit formula2,  
n0 = 0.69 × q1b bb and @ = { MNOq1|. 
We obtain, n0 ≈ 180 `~ corresponding to @~4.3 fX. 
Magnetic field and Temperature variation of the Flux Flow Critical current. The flux flow critical 
current, Ic, was determined from the I-V characteristics over the whole range of temperature and magnetic 
field. In principle, for a vortex solid at T = 0, Ic corresponds to a hard threshold in the I-V curve where the 
voltage appears. In practice this sharp threshold is rounded off, and therefore Ic has to be determined by 
extrapolating back the linear region of the I-V curve in the flux flow regime. This is illustrated for some 
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representative temperatures and fields in Fig. s4 (left panels). In Fig. s4 (right panels), we show the  
magnetic field variation of Ic at different temperatures. Ic  shows a shallow maxima at the boundary between 
HVF and IVL, the “peak effect”, whose origin has been explained in detail in ref. 1. This peak in Ic is 
reflected as a shallow minimum in ρ-H.  
I-V characteristics at 450 mK for I << Ic. Unlike in a vortex solid where the voltage exponentially drops 
to zero below Ic, a vortex fluid exhibits finite linear resistance even below Ic. Fig. s5 shows the I-V 
characteristics as a function of magnetic field at 450 mK, in the range I = 0 - 100 µA. The nearly perfect 
linearity over this large range confirms the existence of vortex fluid state at this temperature.   
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II. Identification of the Vortex Solid, HVF and IVL from STS imaging 
The vortex solid, HVF and IVL states can be unambiguously identified from the structure of the VL imaged 
using STS. In ref. 1, we had presented the structural evolution of the VL with magnetic field at 2 K. In Fig. 
s6 , we present VL images at 450 mK as a function of magnetic field. The position of each vortex is obtained 
from the local minima of the conductance map acquired at bias voltage close to the superconducting 
coherence peak and topological defects are identified through Delaunay triangulation. At 2.5 kOe and 4 
kOe, we observe a hexagonal vortex lattice without any topological defects as expected for a vortex solid. 
Between 6 kOe and 70 kOe we see the gradual proliferation of dislocations (adjacent pair of points with 5-
fold and 7-fold coordination) which drives the system into a HVF. These dislocations destroy the positional 
order but retains a quasi-long range orientational order of the VL. Consequently, the Bragg spots in the 2D 
Fourier spectrum get broadened but retain the six-fold symmetry. At 85 kOe, the orientational order is 
destroyed and the Fourier transform shows a diffuse ring, corresponding to an IVL. 
To further confirm these identifications we also perform measurements of vortex creep, by capturing 10 to 
12 consecutive vortex images at the same area at 15 minutes interval. The evolution of vortex creep with 
increasing magnetic field gives key insights to the nature of the VL. The vortices undergo small meandering 
motion about their mean position in the vortex solid phase (fig. s7 (a)-(b)) but do not show any large jump, 
whereas in the hexatic vortex fluid (HVF) phase the vortices move along one of the three principal axes of 
the VL (fig. s7 (c)-(e)) in larger timescale. This directionality is hampered close to the topological defects 
in the VL. In the isotropic vortex liquid (IVL) phase the vortices move in random directions and show large 
jumps (fig. s7 (f)). Vortex creep persisting down to 450 mK is another proof that the liquid phases exist 
down to that temperature.  
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Figure s6| Vortex lattice images at 450 mK in different magnetic fields. Vortices shown as black dots correspond 
to the local minima of the conductance maps acquired at fixed bias voltage (1.45 mV) close to the coherence peak. 
The VL is Delaunay triangulated to find topological defects (denoted as red, green, magenta, and yellow dots) 
corresponding to five-, seven-, four-, and eightfold coordination. Above each vortex image is the 2D FT of image; 
the scale bar is in nm−1. 
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Figure s7| Vortex creep at 450 mK: (a)-(f) The leftmost panels show first vortex image of consecutive 10 or 12 
images for different magnetic fields written left to each image. The black dots are positions of the vortices which 
are Delaunay triangulated to find topological defects denoted as red, green, magenta and yellow dots designating 5-
, 7-, 4- and 8-fold coordination. The middle panels show arrows connecting consecutive 10 or 12 vortices. The red 
squares in these panels are expanded in the rightmost panels. Here vortices in (a)-(b) are in the Vortex solid regime, 
(c)-(e) are in Hexatic Vortex Fluid regime and (f) is in Isotropic Vortex Liquid regime. 
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III. Simulating the conductance map for a vortex lattice 
To cross-check the validity of the phenomenological model used to simulate the conductance maps 
for a vortex lattice, we apply it on a conventional system, namely the vortex state in clean 2H-NbSe2 (single 
crystal), where we do not have any evidence that the vortices fluctuate about their mean positions. Fig. 8s(a) 
shows the VL image on a NbSe2 single crystal at 5 kOe, 450 mK, keeping the bias voltage at 1.2 meV, close 
to the coherence peak. Fig. s8(b) shows the GN(V) vs V spectra along a line passing through the center of 
the vortex. Here, the core of vortex shows a zero bias conductance peak ( = 0 > 1) resulting from 
the bound state of normal electrons inside the normal core, known as Caroli-de Gennes-Matricon bound 
state3. On the other hand, spectra obtained at superconducting regions away from the vortex core has regular 
BCS characteristics, partially broadened by the circulating current around the vortex core (inset Fig. s8(c)). 
The experimental variation of 0 along three lines passing through the center of the vortex as well as 
their average is shown in Fig. s8 (c). 
The VL is simulated as follows. We assume that far away from the vortex core  will be 
similar to the conductance spectra in zero field. This is obtained by fitting the zero field experimental 
tunneling conductance with BCS theory using superconducting energy gap, Δ and phenomenological 
broadening parameter, Γ as the fitting parameters; we call this resultant best fit spectrum as '(). For 
the spectra at the center at the vortex center, n%u%0 we used the experimental spectra at the center of 
the vortex. These two spectra are shown in Fig. s8 (d). To interpolate between these two, we use an 
empirical Gaussian weight factor, ./ = exp − /121, such that , / = ./n%u%0 +
[1 − ./]'(), where r is the position with respect to the center of the vortex. We choose < ≈ 1.17@ 
and where @ is the Ginzburg-Landau coherence length of clean NbSe2 (@)%1  ~ 8.9 fX, corresponding to 
the measured Hc2 ~ 42 kOe). Using this we construct the VL by linear superposition of conductance values 
from all vortices and henceforth obtain resultant conductance map given by, 5, / = 1.6 ∗
∑ , / − /78 /[∑  = 0, / − /78 ]!:; where position of i-th vortex is /8. This construct ensures 
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that at the center of the vortex the simulated conductance matches with the experimental zero bias 
conductance at the vortex center. In Fig. s8(e) we compare the experimental variation of GN(0) for a line 
passing through the vortex center along with G0 obtained from our simulation. The inset shows the 
corresponding data for GN(1.2 meV) and G1.2 meV which is close to the superconducting coherence 
peaks. The good agreement in both cases shows the validity of our phenomenological approach to simulate 
the conductance map.    
One difference between the above simulation and the one in the case in a-MoGe is that in that case 
we take n%u%0 = 1. The reason is that zero bias conductance peak at the center of the vortex core is 
very sensitive to disorder and very small amount of scattering (such as small amount of Co doping in NbSe2) 
destroys the peak giving a flat spectrum4. Therefore it is unlikely to be present even in the absence of 
fluctuations in a-MoGe where the electronic mean free path is very small due to the amorphous nature of 
the sample. 
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Figure s8| Simulating vortex core in NbSe2 for 5 kOe at 450 mK (a) Vortex image, observed by recording  =
1.2 X across the area, showing three lines passing through a vortex center. (b) GN(V) vs. V spectra along the red 
dotted line in (a) with black dotted line denoting the center of the vortex. (c) Variation of 0 along the dotted lines
passing through the vortex cores in (a); inset Two spectra at the black and pink dotted lines in (b) respectively. The 
transparent grey is the average of the three. (d) The two spectra at the center of the vortex core and far away from the 
vortex core taken for the purpose of our simulation. (e) Simulated 50 (black line) along with the average 0
(red squares) for three lines passing through the center of the vortex obtained from experimental data. (inset) Simulated 
5 = 1.2 X (black line) along with the average  = 1.2 X (red line) obtained from experimental data.
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IV. Harmonic approximation of vortex confining potential 
First, we consider a unit cell of 2D vortex lattice (VL). Here, contribution of elastic energy in the VL comes 
in two ways: compression and shear. Between compression (C11) and shear (C66) elastic moduli, C66 << C11, 
and therefore for small deformation the elastic energy of the VL is mainly controlled by C66. Let’s assume 
a single vortex is displaced by a distance δ (<< a, is lattice constant) from its equilibrium position (lattice 
point). The shear strain in the lattice, 
tan ≈  = :                                                               (1) 
This causes elastic energy per unit volume, 
 =   UU :                                                              (2) 
So, the total elastic energy,  = j =   UU : j, where A is area of unit cell and d is the thickness 
of film. 
In the London limit, the shear modulus of an isotropic superconductor for small magnetic field is given by5, 
UU = ∅NqUOPNQ1                                                                   (3) 
Using this expression, the total energy is, 
 = ∅NlOPNQ1  :                                                           (4) 
Since we have one vortex per unit cell,  = | (| is quantum flux). 
So, total elastic energy,  
 
 = ∅N1lOPNQ1 : =   ∅N1UOPNQ1:1 B.                                                (5) 
  
31 
 
Therefore, motion of vortices about its equilibrium position, is looks like harmonic oscillator with 
frequency,  
Y = { ∅N1UOPNQ1:1!]                                                                     (6) 
Where, XL is vortex mass. The effective spring constant of this oscillator, 
T% = ∅N1UOPNQ1 :1 = WNU:1 .                                                             (7) 
A more intuitive but less rigorous way to understand this result is by considering a 1D chain of vortices 
(fig. s9). This can be thought as any principal direction of VL. Interaction potential energy between vortex-
vortex is given by6, 
 = ∅N1OPNQ1 ln Q;                                                                    (8) 
Where x is distance between two vortices (@ <  <  ). 
So the repulsive force felt by one vortex due to presence of another vortex at distance x is given by, 
. = ∅N1OPNQ1 ;                                                                       (9) 
Now if one vortex is displaced from its equilibrium position by a distance δ (<< a) ( shown in blue color) 
then the net restoring force on the displaced vortex is given by, 
KB = ∅N1OPNQ1 ∑  u:_ − u:*u ≈  ∅N1OPNQ1 ∑  u1:1u = O1U   ∅N1OPNQ1 :1 B                  (10) 
Figure s9| Schematic illustration of a 1D array of vortices with lattice spacing a. When a vortex is displaced by an 
amount δ from its equilibrium position, it experiences a restoring force due to the interaction with other vortices.  
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Where a is lattice constant. This net force follows Hook’s law as expected. Therefore the effective potential 
is harmonic with spring constant,  
T% = O1U  ∅N1OPNQ1 :1 = O1U  WN:1                                                  (11) 
This expression has the same form as (7) except for the pre-factor.   
From (7) we can also determine the resonant frequency of the oscillator,  
Y = ¡ ∅|j16k¢|  1XLF = Y|√ℎ 
Where, ℎ = qqn1 and Y| =  .|¥¦ { ∅NUOPNQ1 qn1!]  . Using mv = 35me, as determined in the main paper, we 
obtain, Y| = 1.07 × 10 Hz. 
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V. Fit of the GN(0) profile passing through the vortex core. In Fig. 3(e)-3(f) we showed three 
representative fits of our model with GN(0) profiles passing through the vortex core. In Fig. s10 (a)-(h) we 
show the fits at several other magnetic fields, along with the best fit parameters. Fig. s10 (i) shows the value 
of Γ used to fit the profiles. Above 10 kOe we need to gradually increase the value of Γ to take into account 
the broadening arising from orbital current around the vortex core.  
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Figure s10| (a)-(g) The red connected points are averaged line-cuts of 0, J along vortex cores in different 
magnetic fields. The black lines are line-cuts of simulated 〈50, J〉I of the corresponding field. (i) Magnetic field 
variation of the broadening parameter Γ used in the fits. 
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